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(57) ABSTRACT

An oxynitride phosphor power has a fluorescence peak wave-
length of 580 to 605 nm, the oxynitride phosphor having a
higher external quantum efficiency than ever before. The
oxynitride phosphor powder is an oxynitride phosphor pow-
der containing a.-SiAION and aluminum nitride, represented
by composition formula:

Ca, BuoSiin g imAlenONis -

wherein x1, x2, y and z are 0<x1=2.50, 0.01=x2=<0.20,
O<y=2.3 and 1.5=z<3.5, or x1, x2, y and z are 0<x1<2.70,
0.05=x2<0.20, 2.3<y=<5.5 and 1=7=<2.5.

24 Claims, 5 Drawing Sheets
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1
OXYNITRIDE PHOSPHOR POWDER

TECHNICAL FIELD

The present invention relates to an oxynitride phosphor
powder composed of a rare earth metal element-activated
a-SiAION and aluminum nitride, which is suitable for an
ultraviolet-blue light source. More specifically, the present
invention relates to an oxynitride phosphor powder having a
fluorescence peak wavelength in the range of 580 to 605 nm
and exhibiting practical external quantum efficiency and fluo-
rescence intensity.

BACKGROUND ART

Recently, with practical implementation of a blue light-
emitting diode (LED), development of a white LED using this
blue LED is being aggressively pursued. A white LED
ensures low power consumption and extended life compared
with existing white light sources, and therefore its application
to liquid crystal panel backlight, indoor or outdoor lighting
devices, and the like is expanding.

The white LED developed at present is obtained by coating
aCe-doped YAG (yttrium.aluminum.garnet) on the surface of
a blue LED. However, the fluorescence peak wavelength of
the Ce-doped YAG is in the vicinity of 530 nm and when this
fluorescence color and the light of blue LED are mixed to
produce white light, the light is slightly blue-tinted. This kind
of white LED has the problem of a poor color rendering
property.

To cope with this problem, many oxynitride phosphors are
being studied and among others, an Eu-activated a-SiAION
phosphor is known to emit fluorescence (yellow-orange) with
a peak wavelength of around 580 nm that is longer than the
fluorescence peak wavelength of the Ce-doped YAG (see,
Patent Document 1). When a white LED is fabricated by
using the a-SiAION phosphor above or by combining it with
a Ce-doped YAG phosphor, a white LED giving a light bulb
color at a lower color temperature than a white LED using
only Ce-doped YAG can be produced.

However, as a Ca-containing a-SiAION phosphor acti-
vated with Eu, represented by the formula:

Ca,EWSi5_memyAlomemOnN1i6 n>

aphosphor having a high enough luminance for practical use
has not been developed yet.

Patent Document 2 discloses a phosphor exhibiting an
excellent luminous efficiency and having a fluorescence peak
at a wavelength of 595 nm or more, and a production method
thereof, where smooth-surface particles larger than ever
before are obtained by adding a previously synthesized
a-SiAION powder as a seed crystal for grain growth to the
raw material powders and a powder having a specific particle
size is obtained from the synthesized powder without apply-
ing a pulverization treatment.

Specifically, an a-SiAION phosphor which is an a-SiA-
ION phosphor (x+y=1.75, O/N=0.03) having a composition
of (Ca, ¢, Eug 5)(S1,Al);,(O,N), and in which the peak
wavelength of the fluorescence spectrum obtained by excita-
tion with a blue light 0of 455 nm is from 599 to 601 nm and the
luminous efficiency (=external quantum
efficiency=absorptivityxinternal quantum efficiency) is from
61 to 63%, is disclosed.

However, in the document above, specific examples of a
phosphor with a florescence peak wavelength of less than 599
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nm and a phosphor with that of more than 601 nm, each
having a luminous efficiency enough for practical use, are not
illustrated.

Patent Document 3 discloses: a light-emitting device char-
acterized by using a phosphor containing, as a main compo-
nent, an a-SiAION represented by the formula: (Ca,,, Eugp)
(S1,Al1),,(O,N), ¢ (provided that 1.5<o+p<2.2, 0<f<0.2 and
0O/N=0.04) and having a specific surface area of 0.1 to 0.35
m?/g; a vehicle lighting device using the same; and a head-
lamp.

The document above discloses working examples of an
a-SiAlON phosphor, where the peak wavelengths of the fluo-
rescence spectra obtained by excitation with a blue light of
455 nm are 592 nm, 598 nm and 600 nm, and the luminous
efficiencies (=external quantum efficiency) thereof are
reported as 61.0%, 62.7%, and 63.2%, respectively.

However, in the document above, specific examples of a
phosphor with a fluorescence peak wavelength of less than
592 nm and a phosphor with more than 600 nm, each having
a luminous efficiency enough for practical use, are not illus-
trated.

Patent Document 4 discloses a SIAION phosphor having a
specific property of emitting light with a higher luminance
compared to conventional phosphors, where a metal com-
pound mixture capable of composing a SiAION phosphor
through firing is fired in a specific temperature range in a gas
under a specific pressure, pulverized to a specific particle
diameter, and then subjected to classification and a heat treat-
ment.

However, the matter specifically disclosed in the document
above is only the peak luminous intensity and since the peak
luminous intensity varies depending on the measuring appa-
ratus and measurement conditions, it is not known whether a
luminous intensity high enough for practice use is obtained.

RELATED ART
Patent Document

Patent Document 1: Kokai (Japanese Unexamined Patent
Publication) No. 2002-363554

Patent Document 2: Kokai No. 2009-96882

Patent Document 3: Kokai No. 2009-96883

Patent Document 4: Kokai No. 2005-008794

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

A phosphor having a high luminance enough for practical
use is demanded for the purpose of adjusting the color tem-
perature of a white LED or obtaining yellow-orange lumines-
cence of a desired wavelength, nevertheless, as described
above, an a-SiAION phosphor exhibiting a high efficiency
enough for practical use and having a fluorescence peak
wavelength of a broad emission peak wavelength of 580 to
605 nm is not known.

An object of the present invention is to provide an oXyni-
tride phosphor having a fluorescence peak wavelength of 580
to 605 nm and having external quantum efficiency higher than
ever before.

Means to Solve the Problems

As a result of intensive studies to attain the object above,
the present inventors have found that when a silicon source
substance, an aluminum source substance, a calcium source
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substance, and a europium source substance, are mixed and
fired so as to give a composition represented by the compo-
sition formula:

Ca Buy,Sin gunAlynO.Nie

(wherein 0<x1=2.50, 0.01=x2=<0.20, 0<y=<2.3 and 1.5=z<3.5
or wherein 0<x1=<2.70, 0.05=x2<0.20, 2.3<y=<5.5 and
1=7<2.5), and an oxynitride phosphor powder containing
a-SiAION and aluminum nitride is obtained thereby, the
oxynitride phosphor powder emits fluorescence having a
peak wavelength in a broad wavelength region of 580 to 605
nm by excitation with light having a wavelength of 450 nm
and exhibits a particularly high external quantum efficiency
in the light emission. The present invention has been accom-
plished based on this finding.

That is, the present invention resides in the following.

(1) An oxynitride phosphor powder containing a.-SiAION
and aluminum nitride, represented by the composition for-
mula:

Ca, Eu,,Si l2—(y+z)Al(y+z)OzN16—z

(wherein x1, x2, y and z are 0<x1=<2.50, 0.01=x2<0.20,
O<y=23 and 1.5=z<3.5, or 0<x1=2.70, 0.05=x2<0.20,
2.3<y=<5.5 and 1=7<2.5).

(2) The oxynitride phosphor powder according to (1)
above, wherein in the composition formula, x1,x2, yand z are
0<x1=2.50, 0.01=x2<0.20, 0.5<y=<2.0 and 2.5=<7=<3.2.

(3) The oxynitride phosphor powder according to (1)
above, wherein the content of aluminum nitride is from more
than 0 wt % to less than 15 wt %.

(4) The oxynitride phosphor powder according to (1) to (3)
above, wherein the lattice constants of the a-SiAION crystal
phase contained in the oxynitride phosphor powder are 7.84
A=a=b=7.89 A and 5.70 Asc=5.74 A.

(5) The oxynitride phosphor powder according to (1) to (4)
above, wherein fluorescence having a peak wavelength in a
wavelength region of 580 to 600 nm is emitted by excitation
with light having a wavelength of 450 nm and the external
quantum efficiency in the light emission is 60% or more.

(6) The oxynitride phosphor powder according to (1)
above, wherein in the composition formula, 2.3<y=<2.5 and
the content of aluminum nitride is from more than 0 wt % to
less than 15 wt %.

(7) The oxynitride phosphor powder according to (1)
above, wherein in the composition formula, 2.5<y=<5.5 and
the content of aluminum nitride is from more than 0 wt % to
less than 32 wt %.

(8) The oxynitride phosphor powder according to (1), (6)
and (7) above, wherein the lattice constants of the a-SiAION
crystal phase constituting the oxynitride phosphor powder
are, in the composition formula, 2.3<y=4.0, 7.90
A=a=b=7.96 A and 5.75 Asc=5.79 A.

(9) The oxynitride phosphor powder according to (1), (6)
and (7) above, wherein the lattice constants of the a-SiAION
crystal phase constituting the oxynitride phosphor powder
are, in the composition formula, 4.0<y=<5.5, 7.95
A=a=b=7.99 A and 5.77 Asc=5.80 A.

(10) The oxynitride phosphor powder according to (1) and
(6) to (9) above, wherein fluorescence having a peak wave-
length in a wavelength region of 590 to 605 nm is emitted by
excitation with light having a wavelength of 450 nm and the
external quantum efficiency in the light emission is 60% or
more.

(11) The oxynitride phosphor powder according to (1) to
(10) above, wherein the 50% diameter (Ds,) in the particle
size distribution curve measured by a laser diffraction/scat-

10

15

20

25

30

35

40

45

50

55

60

65

4

tering particle size distribution measuring apparatus is from
10.0to 20.0 um and the specific surface area is from 0.2 t0 0.6
m?/g.

(12) A method for producing an oxynitride phosphor pow-
der, comprising mixing a silicon source substance, an alumi-
num source substance, a calcium source substance, and a
europium source substance to give a composition represented
by the composition formula:

CaBuoSin gunAl.ONis -

(wherein x1, x2, y and z are 0<x1=<2.50, 0.01=x2=<0.20,
O<y=2.3 and 1.5=z<3.5, or x1, x2, y and z are 0<x1<2.70,
0.05=x2<0.20, 2.3=y=<5.5 and 1=7<2.5), and firing the mix-
ture to produce an oxynitride phosphor powder containing
a-SiAION and aluminum nitride.

(13) The method for producing an oxynitride phosphor
powder according to (12) above, wherein the firing is per-
formed at a temperature of 1,500 to 2,000° C. in an inert gas
atmosphere.

(14) The method for producing an oxynitride phosphor
powder according to (13) or (14) above, wherein a fired
product obtained by the firing is further heat-treated at a
temperature of 1,100 to 1,600° C. in an inert gas atmosphere.

Effects of the Invention

According to the present invention, an oxynitride phosphor
powder containing a.-SiAION and aluminum nitride, wherein
in an oxynitride phosphor represented by the composition
formula:

Ca, BuoSiin g imAlenONis -

0<x1=2.50, 0.01=x2<0.20, O<y=2.3 and 1.5=z<3.5, or
0<x1=2.70, 0.05=x%2<0.20, 2.3=<y=<5.5 and 1=z<2.5, is pro-
vided. This oxynitride phosphor powder is a highly efficient
oxynitride phosphor powder that emits fluorescence having a
peak wavelength in a broad wavelength region of 580 to 605
nm by excitation with light having a wavelength of 450 nm
and exhibits in particular high external quantum efficiency in
the light emission.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the compositional range of the oxynitride
phosphor powder of the present invention.

FIG. 2 shows the powder X-ray diffraction pattern of
Example 2.

FIG. 3 shows the powder X-ray diffraction pattern of
Example 4.

FIG. 4 is a scanning electron micrograph of Example 2.

FIG. 5 is a cross-sectional scanning electron micrograph
(reflected electron image) of Example 2.

FIG. 6 shows the powder X-ray diffraction pattern of Com-
parative Example 5.

FIG. 7 shows the powder X-ray diffraction pattern of
Example 22.

FIG. 8 shows the powder X-ray diffraction pattern of
Example 29.

MODE FOR CARRYING OUT THE INVENTION

The present invention is described in detail below.

The present invention relates to an oxynitride phosphor
powder containing a.-SiAION and aluminum nitride, wherein
in an oxynitride phosphor represented by the composition
formula:

CaBuoSin gunAl.ONis -
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0<x1=2.50, 0.01=x2<0.20, O<y=2.3 and 1.5=z<3.5, or
0<x1=2.70, 0.05=x2<0.20, 2.3<y=<5.5 and 1=7=<2.5, which is
an oxynitride phosphor powder that emits fluorescence hav-
ing a peak wavelength in a broad wavelength region of 580 to
605 nm by excitation with light having a wavelength of 450
nm and exhibits in particular high external quantum effi-
ciency in the light emission.

The a-SiAION, particularly, the Ca-containing a.-SiAION,
is a solid solution where a part of Si—N bonds of a-silicon
nitride are replaced by Al—N bonds and Al—O bonds and Ca
ions are dissolved interstitically in the lattice and are solid-
dissolved, thereby maintaining the electrical neutrality.

In the a-SiAION phosphor contained in the oxynitride
phosphor of the present invention, Eu ions are dissolved inter-
stitially in the lattice and is solid-dissolved, in addition to the
Ca ions, and the Ca-containing a-SiAlON is thereby acti-
vated to give a phosphor represented by the formula above,
which emits yellow-orange fluorescence by excitation with
blue light.

The a-SiAION phosphor obtained by activating a general
rare earth element is, as described in Patent Document 1,
represented by MeSi,5_¢,,.,nAl 40O, Ni6_, (Wherein Me is
Ca, Mg, Y, or one lanthanide metal or two or more lanthanide
metals excluding La and Ce), and the metal Me is solid-
dissolved in the range of, at the minimum, one per three large
unit cells of a-SiAION containing four formula weights of
(81,A1);(N,O), to, at the maximum, one per one unit cell
thereof. The solid solubility limit is, in general, in case of
divalent metal Me, 0.6<m<3.0 and 0=n<1.5 in the formula
above and, in case of trivalent metal Me, 0.9<m<4.5 and
0=n<1.5. Outside these ranges, a single-phase a-SiAION is
notobtained. Accordingly, studies of the a-SiAION phosphor
had been so far limited to the above-described composition
ranges.

The present inventors have made intensive studies also on
the region outside the composition range where a single-
phase a-SiAION is obtained in general, as a result, ithas been
found that in comparison with a phosphor in the above-de-
scribed composition range where a single-phase a-SiAION is
obtained, the luminous efficiency is remarkably enhanced, as
in the present invention, in a composition region where a
single-phase a-SiAION had not been conventionally
obtained.

The oxynitride phosphor powder of the present invention is
specifically described below.

The oxynitride phosphor powder of the present invention is
an oxynitride phosphor powder containing c-SiAlON and
aluminum nitride, represented by the composition formula:

Ca BuoSin gunAleO-Nis -

which is (1) a composition where 0<x1=2.50, 0.01=x2=<0.20,
O<y=23 and 1.5=7<3.5, or (2) a composition where
0<x1=2.70, 0.05=x2<0.20, 2.3<y=<5.5 and 1=7<2.5. These
regions of composition (1) and composition (2) are formally
described as two regions, but it should be kept in mind that as
shown in the composition diagram of FIG. 1, respective
regions of composition (1) and composition (2) are adjacent
to the composition range (3) of a-SiAION and are connected
to each other to make up substantially one composition region
and merely for the sake of expression of the composition
formula, these are clipped and described as two composition
regions. In the following, formally, oxynitride phosphor pow-
ers in two composition regions of composition (1) and com-
position (2) are separately described, but these are practically
an oxynitride phosphor powder in one continuing composi-
tion region.
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The oxynitride phosphor powder of composition (1) of the
present invention is an oxynitride phosphor powder contain-
ing a-SiAlON and aluminum nitride, represented by the com-
position formula:

Ca‘xlEu)QSil2—(y+z)Al(y+z)OzN 16—z

wherein 0<x1=2.50, 0.01=x2<0.20, O<y=2.3 and 1.5=<7<3.5.

x1 and x2 are values indicating the amounts of Ca ion and
Euiondissolved interstitially in SIAION, and ifx2 is less than
0.01 or exceeds 0.20 or if x1 exceeds 2.50, the external quan-
tum efficiency decreases below 60%. x1 and x2 are preferably
0.4<x1<1.0 and 0.015=x2=0.060, respectively.

y is a value determined so as to keep the electrical neutrality
at the time of solid solution formation of a metal element in
SiAION and is represented by y=2(x1)+3(x2) in the oxyni-
tride phosphor powder above. In the formula, the coefficient
of'2 of x1 is a numerical value assigned by the valence of Ca
ion solid-dissolved in the Ca-containing ci-SiAION phosphor
and the coefficient of 3 0ofx2 is a numerical value assigned by
the valence of Eu ion solid-dissolved in the Ca-containing
a-SiAlON phosphor. Also, the oxynitride phosphor of com-
position (1) of the present invention contains a.-SiAION and
aluminum nitride and therefore, y is a value related to the
amount of aluminum nitride produced. That is, when the y
value exceeds the composition region where a single-phase
a-SiAION is obtained, aluminum nitride and other alumi-
num-containing oxynitrides are produced.

In composition (1) of the present invention, the ranges ofy
and z are 0<y=2.3 and 1.5=7<3.5. In the case of a composition
wherey and 7 are in these ranges, a highly efficient oxynitride
phosphor powder having an external quantum efficiency of
60% or more is provided.

If y exceeds 2.3, the emission peak wavelength exceeds
600 nm. Also, z is a value related to the amount of oxygen
solid-dissolved by replacement in a-SiAION. If z exceeds
3.5, the amount of aluminum oxynitride crystal phase
(Al, 5,05 56Ng 44 crystal phase) produced becomes too large
and the external quantum efficiency decreases below 60%.
Furthermore, if 1=y<2.3 and 0=z<1.5 or if 2.3<y<4.0 and
0=z<1, the external quantum efficiency decreases to 60% or
less. In addition, if O<y<1.0 and 0=z<1.5, B-SiAlON is pro-
duced and the external quantum efficiency decreases to 60%
or less.

Also, in composition (1) of the present invention, the
ranges of y and z are preferably 0.5<y=2.0 and 2.5<7<3.2,
respectively. In the case of a composition where y and z are in
these ranges, a highly efficient oxynitride phosphor powder
having higher external quantum efficiency is provided.

When crystal phases are identified by an X-ray diffracto-
meter (XRD) using CuKa radiation, the oxynitride phosphor
powder of composition (1) of the present invention is com-
posed of an a-SiAlON crystal phase classified into a trigonal
system and an aluminum nitride crystal phase classified into
a hexagonal system and sometimes contains an aluminum
oxynitride crystal phase (Al, 4,05 54N 44), in addition to the
above-mentioned crystal phases. In the case of a single phase
of a-SiAlION crystal phase, the external quantum efficiency
becomes low, and if the contents of an aluminum nitride
crystal phase and an aluminum oxynitride crystal phase are
too much increased, the external quantum -efficiency
decreases. The content of the aluminum nitride crystal phase
contained in the oxynitride phosphor powder is preferably
more than 0 wt % to less than 15 wt %. In the case of
containing the aluminum nitride crystal phase in this range,
the external quantum efficiency becomes high. In a preferred
embodiment, the content of the aluminum nitride crystal
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phase contained in the oxynitride phosphor powder is from 5
to 13 wt %, more preferably from 8 to 12 wt %.

In the oxynitride phosphor powder of composition (1) of
the present invention, the total content of a-SiAION crystal
phase and aluminum nitride crystal phase is preferably 85 wt
% or more, more preferably 89 wt % or more. Also, the total
content of all other crystal phases such as aluminum oxyni-
tride crystal phase (Al, ;05 56Ng 44), excluding a-SiAION
crystal phase and aluminum nitride crystal phase, is prefer-
ably 15 wt % or less, more preferably 11 wt % or less.

Furthermore, the oxynitride phosphor powder of compo-
sition (1) of the present invention contains an a-SiAION
crystal phase and an aluminum nitride crystal phase, and
grains containing an a-SiAION crystal phase as the main
component and grains containing an aluminum nitride crystal
phase as the main component exist individually. How the
grains containing respective crystal phases as the main com-
ponents exist can be confirmed, for example, by observing the
cross-section of the oxynitride phosphor powder on a
reflected electron image of a scanning electron microscope
and performing composition analysis of each particle by
energy dispersive X-ray analysis (EDS). In the case where
grains containing respective crystal phases as the main com-
ponents exist individually as in composition (1) of the present
invention, the external quantum efficiency is likely to become
high and this is preferred.

Also, the lattice constants of the a-SiAION crystal phase
and the aluminum nitride crystal phase can be determined by
XRD measurement. In the oxynitride phosphor powder of
composition (1) of the present invention, the lattice constant
of the constituent a-SiAION crystal phase is preferably 7.84
A=a=b=7.89 A and 5.70 A=c=5.74 A.If the lattice constant of
the a-SiAlON crystal phase is outside of this range, the exter-
nal quantum efficiency decreases.

Furthermore, in the oxynitride phosphor powder of com-
position (1) of the present invention, the lattice constant of the
constituent a-SiAlON crystal phase is more preferably 7.86
A=a=b=7.89 A and 5.71 Asc=5.74 A. When the lattice con-
stant is in this range, the external quantum efficiency becomes
higher.

In the oxynitride phosphor powder of composition (1) of
the present invention, the lattice constant of the constituent
aluminum nitride crystal phase is preferably 3.07
A=a=b=3.10 A and 4.81 A=c=4.86 A. When the lattice con-
stant of the aluminum nitride crystal phase is in this range, the
external quantum efficiency becomes higher.

Identification of crystal phase in XRD analysis, refinement
of lattice constant, and quantification of crystal phase can be
performed using an X-ray pattern analysis software. The
analysis software includes, for example, PDXL. produced by
Rigaku Corporation. Incidentally, the XRD analysis and
refinement of lattice constant of the oxynitride phosphor pow-
der and the quantification of crystal phase by the Rietveld
method were performed using X-ray diffractometer (“Ultima
IV Protectus™) and analysis software (“PDXL”) produced by
Rigaku Corporation.

In order to suitably use the oxynitride phosphor powder of
composition (1) of the present invention as a phosphor for
white LED, itis preferred that Dy, (average particle diameter)
as the 50% diameter in the particle size distribution curve is
from 10.0 to 20.0 um and the specific surface area is from 0.2
to 0.6 m*/g. Because, if Dy, is less than 10.0 um or the specific
surface area exceeds 0.6 m*/g, the luminous intensity may be
reduced, and if D5, exceeds 20.0 um or the specific surface
area is less than 0.2 m*/g, the powder may be hardly dispersed
uniformly in the resin encapsulating the phosphor and varia-
tion sometimes occurs in the color tone of white LED. The
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average particle diameter (D5,) is more preferably from 15 to
17 pum, and the specific surface area is more preferably from
0.2t0 0.3 m%/g,

As for the method to control the particle diameter and
specific surface area of the oxynitride phosphor powder of
composition (1) of the present invention, their control can be
achieved by controlling the particle diameter of the raw mate-
rial silicon nitride powder. Use of a silicon nitride powder
having an average particle diameter (Ds,) of 1.5 um or more
is preferred, because D5, of the oxynitride phosphor powder
becomes 10 um or more and at the same time, the specific
surface area becomes from 0.2 to 0.6 m*/g, leading to a higher
external quantum efficiency.

D, of the oxynitride phosphor powder is a 50% diameter
in the particle size distribution curve measured by a laser
diffraction/scattering particle size distribution measuring
apparatus. Also, the specific surface area of the oxynitride
phosphor powder was measured by a specific surface area
measuring apparatus, FlowSorb Model 2300, manufactured
by Shimadzu Corporation (BET method by nitrogen gas
adsorption).

The oxynitride phosphor powder of composition (1) of the
present invention can emit fluorescence having a peak wave-
length in the wavelength region of 580 to 600 nm by excita-
tion with light in a wavelength region of 450 nm and at this
time, can exhibit an external quantum efficiency of 60% or
more. As a result of these capabilities, in the oxynitride phos-
phor powder of composition (1) of the present invention,
long-wavelength orange fluorescence can be efficiently
obtained by blue excitation light, and furthermore, white light
having a high color rendering property can be efficiently
obtained by the combination with blue light used as excitation
light.

The fluorescence peak wavelength can be measured using
a solid quantum efficiency measuring apparatus fabricated by
combining an integrating sphere with FP-6500 manufactured
by JASCO. The fluorescence spectrum correction can be per-
formed using a secondary standard light source, but the fluo-
rescence peak wavelength sometimes slightly varies depend-
ing on the measuring device used or correction conditions.

Also, after measuring the absorptivity and internal quan-
tum efficiency by a solid quantum efficiency measuring appa-
ratus fabricated by combining an integrating sphere with
FP-6500 manufactured by JASCO, the external quantum effi-
ciency can be calculated from the product thereof.

The oxynitride phosphor powder of composition (2) of the
present invention is an oxynitride phosphor powder contain-
ing a-SiAlON and aluminum nitride, represented by the com-
position formula:

Ca‘xlEu)QSil2—(y+z)Al(y+z)OzN 16—z

wherein 0<x1=<2.70, 0.05=x2<0.20, 2.3<y=<5.5 and 1=z<2.5.

x1 and x2 are values indicating the intruding solid solubil-
ity of Ca ions and Eu ions into SiAION; and if'x2 is less than
0.05 or exceeds 0.20 or if x1 exceeds 2.70, the external quan-
tum efficiency decreases below 60%. x1 and x2 are preferably
1.7=x1<1.9 and 0.1=x2=<0.2, respectively.

y is a value determined so as to keep the electrical neutrality
at the time of solid solution formation of a metal element with
SiAION and is represented by y=2(x1)+3(x2) in the oxyni-
tride phosphor powder above. In the formula, the coefficient
of'2 of x1 is a numerical value assigned by the valence of Ca
ion forming a solid solution with the Ca-containing a.-SiA-
ION phosphor and the coefficient of 3 of x2 is a numerical
value assigned by the valence of Eu ion forming a solid
solution with the Ca-containing a-SiAION phosphor. Also,
the oxynitride phosphor of the present invention contains
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a-SiAION and aluminum nitride and therefore, y is a value
related to the amount of aluminum nitride produced. That is,
when the y value exceeds the composition region where a
single-phase a-SiAlON is obtained, aluminum nitride and
other aluminum-containing oxynitrides are produced.

In composition (2) of the present invention, the ranges of y
and zare 2.3<y=<5.5and 1=7<2.5. In the case of a composition
wherey and 7 are in these ranges, a highly efficient oxynitride
phosphor powder having an external quantum efficiency of
60% or more is provided.

If'y exceeds 5.5, the amount of an aluminum nitride crystal
phase produced becomes too large, and the external quantum
efficiency decreases below 60%. Also, ify is less than 2.3, the
emission peak wavelength becomes smaller than 590 nm.
Furthermore, z is a value related to the amount of oxygen
solid-dissolved by replacement in a-SiAION. If z exceeds
2.5, an aluminum oxynitride crystal phase is produced in a
large amount and the external quantum efficiency decreases
below 60%. In addition, if 1=y<2.3 and 0=z<1.5 or if
23<y<4.0 and O=<z<l, the external quantum efficiency
decreases to less than 60%. Also, if O=y<1.0 and 0=<z<1.5,
[-SiAlON is produced and the external quantum efficiency
decreases to less than 60%.

When crystal phases are identified by an X-ray diffracto-
meter (XRD) using CuKa radiation, the oxynitride phosphor
powder of composition (2) of the present invention is com-
posed of an a-SiAION crystal phase classified into a trigonal
system and an aluminum nitride crystal phase classified into
a hexagonal system. In the case of a single phase of a-SiA-
ION crystal phase, the external quantum efficiency becomes
low, and if the content of an aluminum nitride crystal phase is
too much increased, the external quantum -efficiency
decreases. The content of the aluminum nitride crystal phase
contained in the oxynitride phosphor powder is, when
2.3<y=2.5 in the composition formula above, preferably from
more than 0 wt % to less than 15 wt %, and when 2.5<y=5.5,
preferably from more than 0 wt % to less than 32 wt %. In the
case of containing the aluminum nitride crystal phase in this
range, the external quantum efficiency becomes high. The
content of the aluminum nitride crystal phase contained in the
oxynitride phosphor powder is, when 2.3<y=<2.5 in the com-
position formula above, preferably from 0.1 or more, 0.5 wt
% or more, further 1 wt % or more, and 2 wt % or less, and
when 2.5<y=5.5, preferably from 3 to 27 wt %, more prefer-
ably from 3 to 11 wt %.

In the oxynitride phosphor powder of composition (2) of
the present invention, the total content of a-SiAION crystal
phase and aluminum nitride crystal phase is preferably 90 wt
% or more, more preferably 95 wt % or more, still more
preferably 99 wt % or more. Also, the total content of all other
crystal phases such as aluminum oxynitride crystal phase
(Al 5,05 56Ng 44), excluding a-SiAION crystal phase and
aluminum nitride crystal phase, is preferably 10 wt % or less,
more preferably 5 wt % or less, still more preferably 1 wt %
or less.

Furthermore, the oxynitride phosphor powder of compo-
sition (2) of the present invention contains an a-SiAION
crystal phase and an aluminum nitride crystal phase, and
grains containing an a-SiAION crystal phase as the main
component and grains containing an aluminum nitride crystal
phase as the main component exist individually. How the
grains containing respective crystal phases as the main com-
ponents exist can be confirmed, for example, by observing the
cross-section of the oxynitride phosphor powder on a
reflected electron image of a scanning electron microscope
and performing composition analysis of each particle by
energy dispersive X-ray analysis (EDS). In the case where
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grains containing respective crystal phases as the main com-
ponents exist individually as in composition (2) of the present
invention, the external quantum efficiency is likely to become
high and this is preferred.

Also, the lattice constants of the a-SiAION crystal phase
and the aluminum nitride crystal phase can be determined by
XRD analysis. In the oxynitride phosphor powder of compo-
sition (1) of the present invention, the lattice constant of the
constituent a-SiAlON crystal phase is, when 2.3<y=4.0 inthe
composition formula above, preferably 7.90 A<a=b=<7.96 A
and 5.75 A=c=5.79 A, and when 4.0<y<5.5, preferably 7.95
A=a=b=7.99 A and 5.77 A=c=5.80 A. Ifthe lattice constant of
the a-SiAION crystal phase is outside of these ranges, the
external quantum efficiency decreases.

In the oxynitride phosphor powder of composition (2) of
the present invention, the lattice constant of the constituent
aluminum nitride crystal phase is preferably 3.10
A=a=b=3.12 A and 4.83 A=c=4.91 A. When the lattice con-
stant of the aluminum nitride crystal phase is in this range, the
external quantum efficiency becomes higher.

Furthermore, in composition (2) of the present invention,
the ranges of y and z are preferably 4.0<y=<5.5 and 1.0<z=<2.5,
respectively. In the case of a composition where y and z are in
these ranges, a highly efficient oxynitride phosphor powder
having higher external quantum efficiency is provided.

Identification of crystal phase by XRD analysis, refine-
ment of lattice constant, and quantification of crystal phase
can be performed using X-ray pattern analysis software. The
analysis software includes, for example, PDXL produced by
Rigaku Corporation. Incidentally, the XRD analysis and
refinement of lattice constant of the oxynitride phosphor pow-
der and the quantification of crystal phase by the Rietveld
method were performed using X-ray diffractometer (Ultima
IV Protectus) and analysis software (PDXL) produced by
Rigaku Corporation.

In order to suitably use the oxynitride phosphor powder of
composition (2) of the present invention as a phosphor for a
white LED, it is preferred that Dy, as the 50% diameter in the
particle size distribution curve is from 10.0 to 20.0 pm and the
specific surface area is from 0.2 to 0.6 m*/g. Because, if D,
is less than 10.0 um or the specific surface area exceeds 0.6
m?/g, the luminous intensity may be reduced, and if Ds,
exceeds 20.0 pum or the specific surface area is less than 0.2
m?/g, the powder may be hardly dispersed uniformly in the
resin encapsulating the phosphor and variation sometimes
occurs in the color tone of a white LED. The average particle
diameter (D) is more preferably from 13 to 15 um, and the
specific surface area is more preferably from 0.3 to 0.4 m*/g.

As for the method to control the particle diameter and
specific surface area of the oxynitride phosphor powder of
composition (2) of the present invention, their control can be
achieved by controlling the particle diameter of the raw mate-
rial silicon nitride powder. Use of a silicon nitride powder
having an average particle diameter (D5,) of 1.5 pm or more
is preferred, because D, of the oxynitride phosphor powder
becomes 10 um or more and at the same time, the specific
surface area becomes from 0.2 to 0.6 m*/g, leading to a higher
external quantum efficiency.

Dj,, of the oxynitride phosphor powder is a 50% diameter
in the particle size distribution curve measured by a laser
diffraction/scattering particle size distribution measuring
apparatus. Also, the specific surface area of the oxynitride
phosphor powder was measured by a specific surface area
measuring apparatus, FlowSorb Model 2300, manufactured
by Shimadzu Corporation (BET method by nitrogen gas
adsorption).
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The oxynitride phosphor powder of composition (2) of the
present invention can emit fluorescence having a peak wave-
length in the wavelength region of 590 to 605 nm by excita-
tion with light in a wavelength region of 450 nm and at this
time, can exhibit an external quantum efficiency of 60% or
more. As a result of these capabilities, in the oxynitride phos-
phor powder of the present invention, long-wavelength
orange fluorescence can be efficiently obtained by blue exci-
tation light, and furthermore, white light having a high color
rendering property can be efficiently obtained by the combi-
nation with blue light used as excitation light.

The fluorescence peak wavelength can be measured using
a solid quantum efficiency measuring apparatus fabricated by
combining an integrating sphere with FP-6500 manufactured
by JASCO. The fluorescence spectrum correction can be per-
formed using a secondary standard light source, but the fluo-
rescence peak wavelength sometimes slightly varies depend-
ing on the measuring device used or correction conditions.

Also, after measuring the absorptivity and the internal
quantum efficiency by a solid quantum efficiency measuring
apparatus fabricated by combining an integrating sphere with
FP-6500 manufactured by JASCO, the external quantum effi-
ciency can be calculated from the product thereof.

The oxynitride phosphor powder of the present invention
can be used in a light-emitting device for various lighting
apparatuses by combining the powder with a known light-
emitting source such as a light-emitting diode.

In particular, a light-emitting source capable of emitting
excitation light having a peak wavelength of 330 to 500 nm is
suitable for the oxynitride phosphor powder of the present
invention. The oxynitride phosphor powder exhibits a high
luminous efficiency in the ultraviolet region and enables fab-
rication of a light-emitting device having high performance.
The luminous efficiency is high also in using a blue light
source and a light-emitting device giving an excellent day-
time white color or daylight color can be fabricated by the
combination of yellow-orange fluorescence of the oxynitride
phosphor powder of the present invention with blue excitation
light.

The production method for the oxynitride phosphor pow-
der of the present invention is specifically described below.

The oxynitride phosphor powder of the present invention is
obtained by mixing and firing a silicon source substance, a
europium source substance, a calcium source substance, and
an aluminum source substance, to give a composition repre-
sented by the composition formula:

Ca BuoSin gunAleO-Nis -

wherein 0<x1=2.50, 0.01=x2<0.20, 0<y=2.3 and 1.5=7<3.5,
or 0<x1=2.70, 0.05=x2<0.20, 2.3<y=<5.5 and 1=7z<2.5. The
firing is preferably performed at a temperature of 1,500 to
2,000° C., more preferably from 1,700 to 1,800° C., in an inert
gas atmosphere. Furthermore, the resulting fired product is
preferably heat-treated at a temperature of 1,100 to 1,600° C.,
more preferably from 1,500 to 1,600° C., in an inert gas
atmosphere.

The silicon source substance of the raw material is selected
from nitride, oxynitride and oxide of silicon and a precursor
substance capable of becoming an oxide of silicon by pyroly-
sis. Among others, crystalline silicon nitride is preferred, and
by using crystalline silicon nitride, an oxynitride phosphor
having a high external quantum efficiency can be obtained.

The europium source substance of the raw material is
selected from nitride, oxynitride and oxide of europium and a
precursor substance capable of becoming an oxide of
europium by pyrolysis.
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The calcium source substance of the raw material is
selected from nitride, oxynitride and oxide of calcium and a
precursor substance capable of becoming an oxide of calcium
by pyrolysis.

The aluminum source substance of the raw material
includes aluminum oxide, metal aluminum and aluminum
nitride, and the powders thereof may be used individually or
in combination.

In the firing, an Li-containing compound working as a
sintering aid is preferably added for the purpose of acceler-
ating the sintering and producing an a-SiAION crystal phase
at a lower temperature. The Li-containing compound used
includes lithium oxide, lithium carbonate, metal lithium, and
lithium nitride, and the powders thereof may be used indi-
vidually or in combination. Also, the amount of the Li-con-
taining compound added is appropriately from 0.01 to 0.5
mol in terms of Li element per mol of the fired oxynitride.

A silicon source substance, a europium source substance, a
calcium source substance, and an aluminum source sub-
stance, is not particularly limited, and a well-known method,
for example, a method of dry mixing the substances, and a
method of wet mixing the substances in an inert solvent
substantially incapable of reacting with each raw material
component and then removing the solvent, may be employed.
As the mixing apparatus, a V-shaped mixer, a rocking mixer,
a ball mill, a vibration mill, a medium stirring mill, etc., are
suitably used.

A mixture of the silicon source substance, the europium
source substance, the calcium source substance, and the alu-
minum source substance, may be fired at a temperature of
1,500 to 2,000° C., preferably from 1,700 to 1,800° C., in an
inert gas atmosphere, whereby a fired oxynitride represented
by the composition formula above can be obtained. The inert
gas atmosphere may be composed of an inert gas, for
example, nitrogen or a rare gas such as argon, and a mixed gas
thereof. In order to create an inert gas atmosphere, the atmo-
sphere preferably contains no oxygen, but oxygen may be
contained as an impurity in an amount of less than 0.1 vol %,
furthermore, less than about 0.01 vol %. If the firing tempera-
ture is less than 1,500° C., the production of a-SiAION
requires heating for a long time and this is not practical. If the
temperature exceeds 2,000° C., silicon nitride and a.-SiAION
are sublimated and decomposed to produce free silicon and
therefore, an oxynitride phosphor powder exhibiting high
external quantum efficiency cannot be obtained. The heating
furnace used for firing is not particularly limited as long as
firing at 1,500 to 2,000° C. in an inert gas atmosphere can be
performed. For example, a batch electric furnace of high
frequency induction heating system or resistance heating sys-
tem, a rotary kiln, a fluidized firing furnace, and a pusher-type
electric furnace can be used. As for the crucible filled with the
mixture, a BN-made crucible, a silicon nitride-made crucible,
agraphite-made crucible, and a silicon carbide-made crucible
can be used. The fired oxynitride obtained by firing is a
powder with little aggregation and high dispersibility.

The fired oxynitride obtained by the above firing may be
further heat-treated. By heat-treating the obtained fired
oxynitride at a temperature of 1,100 to 1,600° C. in an inert
gas atmosphere or a reducing gas atmosphere, an oxynitride
phosphor powder exhibiting a high external quantum effi-
ciency particularly at the time of emitting fluorescence having
a peak wavelength in a wavelength region of, in composition
(1), from 580 to 600 nm and in composition (2), from 590 to
605 nm by excitation with light having a wavelength of 450
nm can be obtained. The inert gas atmosphere may be the
same as the inert gas atmosphere at the time of firing. The
reducing gas atmosphere may be composed of a mixture of a
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reducing gas such as hydrogen, and an inert gas, for example,
nitrogen or a rare gas such as argon. The atmosphere prefer-
ably contains no oxygen, but oxygen may be contained as an
impurity in an amount ofless than 0.1 vol %, furthermore, less
than about 0.01 vol %. In order to obtain an oxynitride phos-
phor powder exhibiting higher external quantum efficiency,
the heat treatment temperature is preferably from 1,500 to
1,600° C. If the heat treatment temperature is less than 1,100°
C. or exceeds 1,600° C., the external quantum efficiency of
the obtained oxynitride phosphor powder is reduced. The
holding time at a maximum temperature in the case of per-
forming a heat treatment is preferably 0.5 hours or more so as
to obtain in particular high external quantum efficiency. Even
when the heat treatment is performed for more than 4 hours,
the external quantum efficiency is little enhanced for the
extension of time or is scarcely changed. Therefore, the hold-
ing time at a maximum temperature in the case of performing
a heat treatment is preferably from 0.5 to 4 hours.

The heating furnace used for the heat treatment is not
particularly limited as long as a heat treatment at a tempera-
ture of 1,100 to 1,600° C. in an inert gas atmosphere or a
reducing gas atmosphere can be performed. For example, a
batch electric furnace of high frequency induction heating
system or resistance heating system, a rotary kiln, a fluidized
firing furnace, and a pusher-type electric furnace can be used.
As for the crucible filled with the mixture, a BN-made cru-
cible, a silicon nitride-made crucible, a graphite-made cru-
cible, and a silicon carbide-made crucible can be used.

By performing a heat treatment at a temperature of 1,100 to
1,600° C. in an inert gas atmosphere or a reducing gas atmo-
sphere, the fluorescence peak wavelength of the oxynitride
phosphor powder of the present invention is shifted to the
long wavelength side by approximately from 0.5 to 2.5 nm
and at the same time, the external quantum efficiency and the
luminous intensity at the fluorescence peak wavelength are
enhanced, in comparison with the fired oxynitride before the
heat treatment.

One preferred embodiment of the oxynitride phosphor
powder of the present invention is a phosphor powder
obtained by the above-described production method, more
specifically, an oxynitride phosphor powder represented by
the composition formula:

Ca BuoSin gunAleO-Nis -

wherein 0<x1=2.50, 0.01=x2<0.20, 0<y=2.3 and 1.5=7<3.5,
or 0<x1=2.70, 0.05=x2=<0.20, 2.3<y=<5.5 and 1=7<2.5, which
is obtained by mixing a silicon source substance, a europium
source substance, a calcium source substance, and an alumi-
num source substance, firing the mixture at a temperature of
1,500 to 2,000° C. in an inert gas atmosphere, and subse-
quently heat-treating the fired product at a temperature of
1,100 to 1,600° C. in an inert gas atmosphere.

EXAMPLES

The present invention is described in greater detail below
by referring to specific examples.

Example 1

Silicon nitride, europium oxide, aluminum nitride, alumi-
num oxide and calcium carbonate were weighed to give the
designed oxynitride composition of Table 1 in a glove box
purged with nitrogen and mixed using a dry vibration mill to
obtain a mixed powder. The specific surface area and average
particle diameter of the silicon nitride powder were 0.3 m*/g
and 8.0 um, respectively. The obtained mixed powder was put
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in a silicon nitride-made crucible, and the crucible was
charged into an electric furnace of graphite resistance heating
system. The temperature was raised to 1,725° C. in the state of
keeping the atmospheric pressure while flowing nitrogen into
the electric furnace (oxygen concentration: less than 0.01 vol
%) and then held at 1,725° C. for 12 hours to obtain a fired
oxynitride.

The resulting fired oxynitride was dissociated and classi-
fied to obtain a powder having a particle diameter of 5 to 20
um, and the obtained powder was put in an alumina crucible.
The crucible was charged into an electric furnace of graphite
resistance heating system, and the temperature was raised to
1,600° C. in the state of keeping the atmospheric pressure
while flowing nitrogen into the electric furnace (oxygen con-
centration: less than 0.01 vol %) and then held at 1,600° C. for
1 hour to obtain the oxynitride phosphor powder of the
present invention.

The average particle diameter (Ds,) of the obtained oxyni-
tride phosphor powder was 13.8 um, and the specific surface
area was 0.34 m%/g,

D, of the oxynitride phosphor powder of the present
invention is a 50% diameter in the particle size distribution
curve measured by a laser diffraction/scattering particle size
distribution measuring apparatus. Also, the specific surface
area of the oxynitride phosphor powder was measured using
a specific surface area measuring apparatus, FlowSorb Model
2300, manufactured by Shimadzu Corporation according to
the BET method by nitrogen gas adsorption.

Also, XRD analysis of the obtained oxynitride phosphor
powder was performed. The oxynitride phosphor powder was
composed of an a-SiAlON crystal phase and an aluminum
nitride crystal phase, and their contents were 95 wt % and 5 wt
%, respectively. The lattice constants ofthe a-SiAION crystal
phase and the aluminum nitride crystal phase were
a=b=7.846 A and ¢=5.703 A, and a=b=3.071 A and c=4.832
A, respectively.

Furthermore, for evaluating the fluorescent properties of
the obtained oxynitride phosphor powder, the fluorescence
spectrum at an excitation wavelength of 450 nm was mea-
sured and at the same time, the absorptivity and internal
quantum efficiency were measured, by using a solid quantum
efficiency measuring apparatus fabricated by combining an
integrating sphere with FP-6500 manufactured by JASCO.
The fluorescence peak wavelength and the luminous intensity
at that wavelength were derived from the obtained fluores-
cence spectrum, and the external quantum efficiency was
calculated from the absorptivity and the internal quantum
efficiency. Also, the relative fluorescence intensity indicative
of luminance was defined as the relative value of luminous
intensity at the fluorescence peak wavelength when the value
of highest intensity of the emission spectrum by the same
excitation wavelength of a commercially available YAG:Ce-
based phosphor (P46Y3 produced by Kasei Optonix, Ltd.) is
taken as 100%. The evaluation results of fluorescent proper-
ties of the oxynitride phosphor powder according to Example
1 are shown in Table 1, and the produced crystal phase, its
content, lattice constant, specific surface areca and average
particle diameter of the oxynitride phosphor powder are
shown in Table 2.

Examples 2 to 10

Oxynitride phosphor powders were obtained by the same
method as in Example 1 except that raw material powders
according to Examples 2 to 10 were weighed and mixed to
give oxynitride phosphor powders having the designed com-
positions of Table 1. The fluorescent properties, average par-



US 9,382,477 B2

15

ticle diameter, specific surface area, crystal phase produced,
its content, and lattice content of each of the obtained oxyni-
tride phosphor powders were measured by the same methods
as in Example 1. The results are shown in Table 1 and Table 2.
FIGS. 2 and 3 show the powder X-ray diffraction patterns of

16

and average particle diameter of the silicon nitride powder as
the raw material were changed to 2.5 m*/g and 1.5 um and to
10.0 m*/g and 0.2 um. The fluorescent properties, average
particle diameter, specific surface area, crystal phase pro-

. 5 duced, its content, and lattice content of each of the obtained
Examples 2 and 4. Itis seen from FI1G. 2 that the crystal phases L
produced were an a-SiAION phase and an aluminum nitride oxynitride Phosphor powders were measured .by the same
phase. Also, it is seen from FIG. 3 that the crystal phases methods as.lnExample l.Theresult.s are shown in Table 1 and
produced were an c-SiAION phase, an aluminum nitride Tablf: 2. It is seen that compared with E).(ampl.e 12 where the
phase and an aluminum oxynitride phase (AL, 5,05 5¢No 49)- 1 speqﬁg surface area and average particle 2dlameter of the
As understood from Table 1, among others, the oxynitride oxynitride phosphor powder were 0.99 m”/g and 9.7 pm,
phosphor powders of Examples 3, 4, 8 and 9, where in the respectively, the external quantum efficiency was increased in
formula above, 0<x1=<2.50, 0.01=x2<0.20, 0.5<y=2.0 and Examples 3 and 11 where the specific surface area of the
2.5=z=3.2, exhibit a high external quantum efficiency. oxynitride phosphor powder was from 0.2 to 0.6 m?/ g and the
FIG. 4 shows a scanning micrograph of the oxynitride |, average particle diameter was from 10.0 to 20.0 um.
phosphor powder of Example 2. It is seen that the particles
have a relatively uniform particle diameter and the powder is Comparative Examples 1 to 13
composed of monodisperse particles without aggregation.
Also, FIG. 5 shows a scanning micrograph (reflected electron Oxynitride phosphor powders were obtained by the same
image) of the cross-section of the oxynitride phosphor pow- method as in Example 1 except that raw material powders
der of Example 2. Particles looking relatively white and par- ~ according to Comparative Examples 1 to 13 were weighed
ticles (particle (1)) looking black are present in the photo- and mixed to give oxynitride phosphor powders having the
graph, and the particle (1) is a particle containing aluminum designed compositions in Table 1. The fluorescent properties,
nitride as the main component. The particle (1) was subjected average particle diameter, specific surface area, crystal phase
to composition analysis by EDS, as a result, Si=0.2 at %, s produced, its content, and lattice content of each of the
Al=29.8 at %, 0=0.3 at %, N=28.8 at % and C=40.9 at %. obtained oxynitride phosphor powders were measured by the
Incidentally, C detected is due to the effect of the resin embed- same methods as in Example 1. The results are shown in Table
ding the oxynitride phosphor powder. 1 and Table 2. Also, FIG. 6 shows the powder X-ray diffrac-
tion pattern of Comparative Example 5. It is seen from FIG. 6
Examples 11 and 12 5o thatthe crystal phase produced was only an a-SiAION phase.
Although the powder X-ray diffraction pattern is not shown,
Oxynitride phosphor powders were obtained by the same in Comparative Example 4, an a-SiAION phase and a $-SiA-
method as in Example 3 except that the specific surface area ION phase were produced.
TABLE 1
Relative External Internal
Peak Fluorescence Quantum  Quantum
Wavelength Intensity ~ Absorptivity Efficiency Efficiency
x1 x2 y z [nm] [%] [%] [%] [%]
Example 1 048 0015 10 2 596 195 78.2 60.0 76.7
Example 2 041 0060 10 2 598 195 82.0 60.1 733
Example 3 048 0015 10 3.0 594 204 79.5 62.7 78.9
Example 4 041 0060 10 3.0 591 207 81.9 63.8 77.9
Example 5 048 0015 10 35 588 195 76.5 60.1 78.6
Example 6 041 0060 10 35 586 195 76.3 60.0 78.7
Example 7 016 0060 05 25 591 195 78.4 60.0 76.5
Example 8 041 0060 1.0 25 596 206 80.3 63.3 78.8
Example 9 091 0060 20 25 598 208 81.7 64.1 78.4
Example 10 106 0060 23 25 599 195 81.9 60.1 734
Example 11 048 0015 10 3 594 202 79.4 62.1 78.2
Example 12 048 0015 10 3 593 195 76.5 60.1 78.6
Comparative Example 1~ 048 0015 1.0 03 587 175 70.5 53.7 76.2
Comparative Example 2~ 0.98 0015 2.0 03 598 175 713 53.8 75.5
Comparative Example 3~ 1.38 0015 28 0.3 601 185 72.8 57.1 78.4
Comparative Example 4 023 0015 05 05 582 128 64.2 39.0 60.8
Comparative Example 5 041 0060 1.0 1.0 599 181 84.0 55.8 66.5
Comparative Example 6~ 0.70 0015 1.5 1.0 582 176 72.4 54.2 74.8
Comparative Example 7~ 0.98 0015 2.0 10 589 183 73.8 56.4 76.4
Comparative Example 8~ 1.23 0015 25 1.0 593 187 744 57.5 7713
Comparative Example 9 048 0015 1.0 4.0 586 110 67.4 33.9 503
Comparative Example 10 1.23 0015 2.5 3.0 589 111 68.6 34.1 49.7
Comparative Example 11~ 1.98 0015 4.0 3.0 593 123 70.5 37.9 53.8
Comparative Example 12 2.98 0015 60 15 599 134 74.8 414 553
Comparative Example 13 3.73 0015 7.5 0.0 603 132 76.8 40.6 52.9
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TABLE 2
Lattice Lattice Specific  Average
Crystal Phase Constant of  Constant of Surface  Particle
Content [wt %] a-SiAION AIN Area  Diameter
Crystal Phase a-SiAION  AIN  AION* a[A] c[A] a[A] c[A] [m%/g] [um]
Example 1 @-SiAION + AIN 95 5 —  7.846 5703 3.071 4.832 034 13.8
Example 2 @-SiAION + AIN 95 5 —  7.848 5708 3.069 4.830 036 13.1
Example 3 @-SiAION + AIN + AION 81 10 9 7.872 5727 3.092 4811 0.6 16.8
Example 4 @-SiAION + AIN + AION 77 12 11 7.871 5.725 3.095 4.811 027 15.7
Example 5 @-SiAION + AIN + AION 73 13 14 7.892 5.740 3.095 4.812 037 12.8
Example 6 @-SiAION + AIN + AION 72 13 15 7.891 5.739 3.093 4.811 038 12,5
Example 7 @-SiAION + AIN + AION 87 5 8  7.840 5702 3.063 4.820 0.2 19.9
Example 8 @-SiAION + AIN 92 8 —  7.860 5.713 3.074 4.838 027 16.2
Example 9 @-SiAION + AIN 90 10 —  7.887 5.736 3.084 4.854 028 16.6
Example 10 @-SiAION + AIN 90 10 —  7.887 5.736 3.084 4.854 031 15.8
Example 11 @-SiAION + AIN + AION 75 12 13 7.873 5.728 3.094 4812 0.53 10.6
Example 12 @-SiAION + AIN + AION 72 13 15 7.874 5.728 3.095 4.811 099 9.7
Comparative Example 1 a-SiAION 100 — — 7.806 5.677 — — 0.39 11.2
Comparative Example 2 a-SiAION 100 — — 7.827 5.693 — — 0.37 11.8
Comparative Example 3 a-SiAION 100 — — 7.876 5.728 — — 0.33 13.2
Comparative Example 4 a-SiAION + B-SiAION T2kE — — 7772 5.646 — — 0.31 13.8
Comparative Example 5 a-SiAION 100 — — 7.817 5.685 — — 0.36 11.6
Comparative Example 6 a-SiAION 100 — — 7.818 5.686 — — 0.31 14.1
Comparative Example 7 a-SiAION 100 — — 7.839 5.699 — — 0.29 15.1
Comparative Example 8 a-SiAION 100 — — 7.845 5.706 — — 0.31 14.1
Comparative Example 9 a-SiAION + AIN + AION 67 15 18 7.896 5.743 3.101 4796 037 12.8
Comparative Example 10 @-SiAION + AIN 85 15 —  7.892 5.741 3.089 4.853 028 16.6
Comparative Example 11 @-SiAION + AIN 68 32 — 7971 5.801 3.122 4997 032 13.7
Comparative Example 12 @-SiAION + AIN 65 35 —  7.992 5.806 3.126 4.997 027 16.2
Comparative Example 13 @-SiAION + AIN 57 43 — 7999 5.809 3.129 4.994 027 16.2
*Aluminum oxynitride crystal phase (Al 5103 5¢N¢.44)
**Containing 28 wt % of 3-SiAION crystal phase
Example 21 %, respectively. The lattice constants ofthe a-SiAION crystal
phase and the aluminum nitride crystal phase were
Silicon nitride, europium oxide, aluminum nitride, alumi- a=b=7.941 A and ¢=5.776 A, and a=b=3.105 A and c=4.886
num oxide and calcium carbonate were weighed to give the ;5 A, respectively.
designed oxynitride composition in Table 3 in a glove box Furthermore, for evaluating the fluorescent properties of
purged with nitrogen and mixed using a dry vibration mill to the obtained oxynitride phosphor powder, the fluorescence
obtain a mixed powder. The specific surface area and average spectrum at an excitation wavelength of 450 nm was mea-
particle diameter of the silicon nitride powder were 0.3 m*/g sured and at the same time, the absorptivity and internal
and 8.0 um, respectively. The obtained mixed powder was put 40 quantum efficiency were measured, by using a solid quantum
in a silicon nitride-made crucible, and the crucible was efficiency measuring apparatus fabricated by combining an
charged into an electric furnace of graphite resistance heating integrating sphere with FP-6500 manufactured by JASCO.
system. The temperature was raised to 1,725° C. inthe state of The fluorescence peak wavelength and the luminous intensity
maintaining the atmospheric pressure while flowing nitrogen  at that wavelength were derived from the obtained fluores-
into the electric furnace and then held at 1,725° C. for 12 45 cence spectrum, and the external quantum efficiency was
hours to obtain a fired oxynitride. calculated from the absorptivity and the internal quantum
The resulting fired oxynitride was dissociated and classi- efficiency. Also, the relative fluorescence intensity indicative
fied to obtain a powder having a particle diameter of 5 to 20 of luminance was defined as the relative value of luminous
um, and the obtained powder was put in an alumina crucible.  intensity at the fluorescence peak wavelength when the value
The crucible was charged into an electric furnace of graphite 50 of highest intensity of the emission spectrum by the same
resistance heating system, and the temperature was raised to excitation wavelength of a commercially available YAG:Ce-
1,600° C. in the state of maintaining the atmospheric pressure based phosphor (P46Y3 produced by Kasei Optonix, Ltd.) is
while flowing nitrogen into the electric furnace and thenheld  taken as 100%. The evaluation results of fluorescent proper-
at 1,600° C. for 1 hour to obtain the oxynitride phosphor ties of the oxynitride phosphor powder according to Example
powder of the present invention. 55 21 are shown in Table 3, and the produced crystal phase, its
Dy, of the oxynitride phosphor powder of the present content, lattice constant, specific surface area and average
invention is a 50% diameter in the particle size distribution particle diameter of the oxynitride phosphor powder are
curve measured by a laser diffraction/scattering particle size shown in Table 4.
distribution measuring apparatus. Also, the specific surface
area of the oxynitride phosphor powder was measured using 60 Examples 22 to 29
a specific surface area measuring apparatus, FlowSorb Model
2300, manufactured by Shimadzu Corporation according to Oxynitride phosphor powders were obtained by the same
the BET method by nitrogen gas adsorption. method as in Example 21 except that raw material powders
Also, XRD analysis of the obtained oxynitride phosphor according to Examples 22 to 29 were weighed and mixed to
powder was performed. The oxynitride phosphor powderwas 65 give oxynitride phosphors powder having the designed com-

composed of an a-SiAlON crystal phase and an aluminum
nitride crystal phase, and their contents were 97 wt % and 3 wt

positions in Table 3. The fluorescent properties, average par-
ticle diameter, specific surface area, crystal phase produced,
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its content, and lattice content of each of the obtained oxyni-
tride phosphor powders were measured by the same methods
as in Example 21. The results are shown in Table 3 and Table
4. FIGS. 7 and 8 show the powder X-ray diffraction patterns
of Examples 22 and 29. As can be seen from FIGS. 7 and 8,
the crystal phases produced were an a-SiAlON phase and an
aluminum nitride phase.

Examples 30 and 31

Oxynitride phosphor powders were obtained by the same
method as in Example 25 except that the specific surface area
and average particle diameter of the silicon nitride powder of
the raw material were changed to 2.5 m*/g and 1.5 um and to
10.0 m*/g and 0.2 um. The fluorescent properties, average
particle diameter, specific surface area, crystal phase pro-
duced, its content, and lattice content of each of the obtained
oxynitride phosphor powders were measured by the same
methods as in Example 21. The results are shown in Table 3
and Table 4. Compared with Example 31 where the specific
surface area and average particle diameter of the oxynitride
phosphor powder were 1.13 m*/g and 9.2 um, respectively,
the external quantum efficiency was increased in Examples
25 and 30 where the specific surface area of the oxynitride
phosphor powders was from 0.2 to 0.6 m*/g and the average
particle diameter thereof was from 10.0 to 20.0 pm.

TABLE 3

10

20
INDUSTRIAL APPLICABILITY

The oxynitride phosphor powder of the present invention is
a highly efficient oxynitride phosphor powder that emits fluo-
rescence having a peak wavelength in a broad wavelength
region of 580 to 605 nm and exhibits a particularly high
external quantum efficiency in the light emission, and can be
utilized as a phosphor having high luminance enough for
practical use so as to adjust the color temperature of a white
LED or obtain yellow-orange luminescence of a desired
wavelength.

The invention claimed is:

1. An oxynitride phosphor powder containing an a.-SiA-
ION crystal phase and an aluminum nitride crystal phase;
represented by composition formula:

Ca‘xlEu)QSil2—(y+z)Al(y+z)OzN 16—z

wherein x1, x2, y and z are 0<x1=2.50, 0.01=x2=<0.20,
O<y=2.3 and 2.5=7<3.5 or x1, X2, y and z are 0<x1<2.70,
0.05=x2<0.20, 4.0<y=<5.5 and 1=7=<2.5.

2. The oxynitride phosphor powder according to claim 1,
wherein x1, x2, y and z are 0<x1=2.50, 0.01=x2=<0.20,
0.5<y=2.0 and 2.5=7=<3.2.

3. The oxynitride phosphor powder according to claim 1,
wherein the content of aluminum nitride crystal phase is from
more than 0 wt % to less than 15 wt %.

Relative

Peak Fluorescence Absorp-

External Internal

Quantum  Quantum

Wavelength Intensity tivity  Efficiency Efficiency
o2y oz [ [%] ][] [%]
Example 21 1.85 0.100 4.0 1.0 598 200 77.0 614 79.8
Example 22 170 0.200 4.0 1.0 600 199 79.8 614 76.9
Example 23 1.85 0.100 4.0 2.0 596 197 76.9 61.0 79.3
Example 24 170 0.200 4.0 2.0 594 195 80.3 60.9 75.9
Example 25 1.85 0.100 4.0 2.5 593 199 77.1 61.1 79.2
Example 26 170 0.200 4.0 2.5 595 197 78.0 60.8 78.0
Example 27 1.00 0.100 2.3 1.8 601 196 78.8 60.4 76.6
Example 28 1.85 0.100 4.0 1.8 603 197 80.6 60.9 75.5
Example 29 2.60 0.100 5.5 1.8 602 196 81.7 60.3 73.8
Example 30 1.85 0.100 4.0 2.5 593 197 76.5 60.7 79.3
Example 31 1.85 0.100 4.0 2.5 593 196 76.5 60.2 78.7
TABLE 4
Lattice Lattice Specific  Average
Crystal Phase Constant of  Constant of Surface  Particle
Content [wt %] a-SiAION AIN Area Diameter
Crystal Phase  a-SiAION  AIN AION a[A] c[A] a[A] c[A] [m%/g] [um]

Example 21 a-SiAION + AIN 97 3 — 7941 5.776 3.105 4.886 0.31 14.1
Example 22 a-SIAION + AIN 97 3 — 7943 5.777 3.106 4.888  0.33 13.2
Example 23 a-SIAION + AIN 95 5 — 7946 5.779 3.107 4.835 041 11.7
Example 24  a-SIAION + AIN 94 6 — 7.948 5.781 3.108 4.832 0.39 11.2
Example 25  a-SIAION + AIN 89 11 — 7954 5.785 3.110 4.836 0.32 13.7
Example 26  a-SIAION + AIN 87 13 — 7953 5.784 3.110 4.838 0.34 12.8
Example 27 a-SIAION + AIN 98 2 — 7.881 5.732 3.081 4.848 0.36 12.1
Example 28  a-SIAION + AIN 94 6 — 7945 5.779 3.107 4.890 0.35 12.5
Example 29  a-SIAION + AIN 73 27 — 7972 5.798 3.117 4907 028 15.6
Example 30 a-SIAION + AIN 92 8 — 7954 5.785 3.110 4.838 0.52 10.9
Example 31 a-SiAION + AIN 93 7 — 7954 5.785 3.110 4.835 1.13 9.2

*Aluminum oxynitride crystal phase (Al 5103 5¢N¢.44)
**Containing 28 wt % of 3-SiAION crystal phase
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4. The oxynitride phosphor powder according to claim 1,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are 7.84
A=a=b=7.89 A and 5.70 Asc=5.74 A.

5. The oxynitride phosphor powder according to claim 1,
wherein fluorescence having a peak wavelength in a wave-
length region of 580 to 600 nm is emitted by excitation with
light having a wavelength of 450 nm and the external quan-
tum efficiency in the light emission is 60% or more.

6. The oxynitride phosphor powder according to claim 1,
wherein in said composition formula, 2.3<y=<2.5 and the con-
tent of aluminum nitride crystal phase is from more than 0 wt
% to less than 15 wt %.

7. The oxynitride phosphor powder according to claim 1,
wherein in said composition formula, 2.5<y<5.5 and the con-
tent of aluminum nitride crystal phase is from more than 0 wt
% to less than 32 wt %.

8. The oxynitride phosphor powder according to claim 1,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 2.3<y=4.0, 7.90 A<a=b<7.96 A and 5.75
A=c=5.79 A.

9. The oxynitride phosphor powder according to claim 1,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 4.0<y<5.5, 7.95 A<a=b<7.99 A and 5.77
A=c=5.80A.

10. The oxynitride phosphor powder according to claim 1,
wherein fluorescence having a peak wavelength in a wave-
length region of 590 to 605 nm is emitted by excitation with
light having a wavelength of 450 nm and external quantum
efficiency in the light emission is 60% or more.

11. The oxynitride phosphor powder according to claim 1,
wherein 50% diameter (Ds,) in a particle size distribution
curve measured by a laser diffraction/scattering particle size
distribution measuring apparatus is 10.0 to 20.0 um and the
specific surface area is 0.2 to 0.6 m*/g.

12. A method of producing an oxynitride phosphor powder
comprising mixing a silicon source substance, an aluminum
source substance, a calcium source substance, and a
europium source substance to give a composition represented
by composition formula:

Ca BuoSin gunAleO-Nis -

wherein x1, x2, y and z are 0<x1<2.50, 0.01=x2=<0.20,
O<y=2.3 and 2.5=7<3.5, or x1, x2, y and z are 0<x1<2.70,
0.05=x2<0.20,4.0=y=5.5 and 1=<7=2.5, and firing the mixture
to produce an oxynitride phosphor powder containing an
a-SiAION crystal phase and an aluminum nitride crystal
phase.
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13. The method according to claim 12, wherein said firing
is performed at a temperature of 1,500 to 2,000° C. in an inert
gas atmosphere.

14. The method according to claim 12, wherein a fired
product obtained by said firing is further heat-treated at a
temperature of 1,100 to 1,600° C. in an inert gas atmosphere.

15. The method according to claim 13, wherein a fired
product obtained by said firing is further heat-treated at a
temperature of 1,100 to 1,600° C. in an inert gas atmosphere.

16. The oxynitride phosphor powder according to claim 6,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 2.3<y=4.0, 7.90 A<a=b<7.96 A and 5.75
A=c=579 A.

17. The oxynitride phosphor powder according to claim 7,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 2.3<y=4.0, 7.90 A<a=b<7.96 A and 5.75
A=c=579 A.

18. The oxynitride phosphor powder according to claim 6,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 4.0<y<5.5, 7.95 A<a=b<7.99 A and 5.77
A=c=580A.

19. The oxynitride phosphor powder according to claim 7,
wherein lattice constants of the a-SiAION crystal phase con-
stituting the oxynitride phosphor powder are, in said compo-
sition formula, 4.0<y<5.5, 7.95 A<a=b<7.99 A and 5.77
A=c=580A.

20. The oxynitride phosphor powder according to claim 1,
wherein said oxynitride phosphor powder emits fluorescence
having a peak wavelength in a wavelength region of 580 to
605 nm by excitation with light having a wavelength of 450
nm and exhibits an external quantum efficiency in a light
emission of 60% or more.

21. The oxynitride phosphor powder according to claim 1,
produced by the method of claim 12.

22. The oxynitride phosphor powder according to claim 3,
wherein content of the aluminum nitride crystal phase is 5 wt
% to less than 12 wt %.

23. The oxynitride phosphor powder according to claim 6,
wherein content of the aluminum nitride crystal phase is 1 wt
% to less than 15 wt %.

24. The oxynitride phosphor powder according to claim 7,
wherein content of the aluminum nitride crystal phase is 3 wt
% to less than 32 wt %.

#* #* #* #* #*



